
Roles of selected GAS virulence factors in immune evasion

Our novel keratinocyte reporter assay specifically quantifies HIF activation in skin epithe-
lium. Hypoxia induces keratinocyte microbicidal activity via HIF. For the leading human 
skin pathogen GAS, three candidate HIF-modulating virulence factors are identified:
(1) hyaluronic acid capsule, (2)  streptolysin O, and (3)  D-alanyl modifications of lipo-
teichoic acid.
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DISCUSSION

Conclusion:
Taken together, these results demonstrate 
(A)  the important role of HIF in enhancing 
host skin defense against bacterial 
pathogens, and that (B) GAS possesses 
virulence factors that interfere with this 
master regulator of host innate immunity.

Future studies:
(i) Mechanistic analysis of HIF-1 modulation 
by GAS virulence factors; (ii) Expand studies 
to other important human skin pathogens 
(e.g. S. aureus); (iii) Utilize WT and HIF-/-

knockout mice to investigate the functional 
consequences of HIF-1 regulation in vivo.

In the absence of keratinocytes,
bacterial growth itself is not suppressed 
by hypoxia (data not shown).

This indicates that hypoxia is inducing 
antimicrobial activities in keratinocytes.

Hypoxia triggers a ~5x
increase in luciferase 
activity, compared to 
normal O2 conditions.

In normoxia, treatment 
with HIF agonists results 
in a dose-dependent 
increase of HIF.

Differential activation of HIF by wild-type and 
isogenic mutant GAS

Among our panel of 16 screened 
GAS mutants, three showed signifi-
cant changes in HIF activation 
compared to the WT GAS: 

∆hasA, ∆slo, ∆dltA

In the absence of keratinocytes,
bacterial growth itself is not suppressed 
by hypoxia (data not shown).

This indicates that hypoxia is inducing 
antimicrobial activities in keratinocytes.

Hypoxia triggers a ~5x
increase in luciferase 
activity, compared to 
normal O2 conditions.

In normoxia, treatment 
with HIF agonists results 
in a dose-dependent 
increase of HIF.

Differential activation of HIF by wild-type and 
isogenic mutant GAS

Among our panel of 16 screened 
GAS mutants, three showed signifi-
cant changes in HIF activation 
compared to the WT GAS: 

∆hasA, ∆slo, ∆dltA

RESULTS

WT
!h

as
A
!s

lo
!d

ltA
!s

ag
A
!s

da1

!s
peB

!e
mm1

!s
ic

0

10000

20000

30000

**
***

*** In Normoxia

Strain

Lu
m

in
es

ce
nc

e

(8 of 16 strains shown)

C

0

50000

100000

150000

Hypoxia
Normoxia

21291

98812

***

Oxygen conditions

Lu
m

in
es

ce
nc

eA

HRE-reporter keratinocytes respond to hypoxia 
and drug agonists of HIF

1hr 2hr
0

1000

2000

3000

4000

5000

Normoxia
Hypoxia

***

Incubation time
with cells

Su
rv

iv
in

g 
ba

ct
er

ia
(%

 o
f i

np
ut

 c
fu

)

***D

Hypoxic conditions enhance bacterial killing by 
keratinocytes

Control

AKB-4924 10uM

AKB-4924 50uM

CoCl 2 1
00uM

CoCl 2 1
50uM

0

50000

100000

150000

Drug Treatment

Lu
m

in
es

ce
nc

eB

= ?+

D Co-incubated wild-type 
GAS and HaCat cells at 
MOI=10, then measured sur-
viving bacteria by colony-
forming units.

C Incubated GAS isogenic 
mutants with reporter HaCat 
cells overnight before mea-
suring luminescence.

A-B Measured lumines-
cence from reporter 
assay after exposure to 
hypoxia and HIF agonists: 
AKB-4924 (Akebia Thera-
peutics) and cobalt chlo-
ride (CoCl2).

METHODS

GAS

Human keratinocyte cell 
line (HaCaT) was trans-
fected with a reporter 
plasmid where luciferase 
expression is controlled 
by hypoxic response 
elements (HRE) in the
promoter.

pGL4.17(Luc2/Neo)_HRE-TK
Luc2
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luciferase-based 
HRE reporter assay

Hypoxia-Inducible Factor (HIF) is a transcription regulator 
that controls the response of cells to hypoxic stress, 
including activation of enzymes involved in glycolysis. 
Recently, our lab has published a novel role of HIF-1 as a 
master regulator of the inflammatory and innate immune 
activities of macrophages, neutrophils, and keratinocytes.
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INTRODUCTION
Group A Streptococcus (GAS), also called 
Streptococcus pyogenes, is a leading human bacterial 
pathogen that is responsible for a wide spectrum of local 
and systemic infections. The innate immune system, which 
includes epithelial barriers and phagocytic cells, provides 
a critical first line of defense against such invading 
organisms.

In this study, we sought to (1) develop a HIF reporter 
assay in a relevant cell line, where we can (2) screen a 
panel of isogenic mutants against the parent wild-type 
strain for differences in HIF-1 activation. 

While much information has been collected on the role of 
HIF-1 in the innate immune response against bacterial 
pathogens, the specific bacterial factors recognized by 
the host for HIF-1 activation are still unknown.

Mice with HIF-1 deletion in 
myeloid cell lineages 

lacked an inflammatory 
response in skin (top), and 
were more susceptible to 

GAS infection (below)
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Modulation of hypoxia-inducible factor expression by 
leading Gram-positive bacterial pathogens




